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Retrotransposons Are the Major Contributors to the Expansion of the
Drosophila ananassae Muller F Element
Abstract
The discordance between genome size and the complexity of eukaryotes can partly be attributed to differences
in repeat density. The Muller F element (~5.2 Mb) is the smallest chromosome in Drosophila melanogaster,
but it is substantially larger (>18.7 Mb) in Drosophila ananassae. To identify the major contributors to the
expansion of the F element and to assess their impact, we improved the genome sequence and annotated the
genes in a 1.4 Mb region of the D. ananassae F element, and a 1.7 Mb region from the D element for
comparison. We find that transposons (particularly LTR and LINE retrotransposons) are major contributors
to this expansion (78.6%), while Wolbachia sequences integrated into the D. ananassae genome are minor
contributors (0.02%). Both D. melanogaster and D. ananassae F element genes exhibit distinct characteristics
compared to D element genes (e.g., larger coding spans, larger introns, more coding exons, lower codon bias),
but these differences are exaggerated in D. ananassae. Compared to D. melanogaster, the codon bias observed
in D. ananassae F element genes can primarily be attributed to mutational biases instead of selection. The 5’
ends of F element genes in both species are enriched in H3K4me2 while the coding spans are enriched in
H3K9me2. Despite differences in repeat density and gene characteristics, D. ananassae F element genes show
a similar range of expression levels compared to genes in euchromatic domains. This study improves our
understanding of how transposons can affect genome size and how genes can function within highly repetitive
domains.
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Region Total (bp) Gap (bp) Unresolved (bp) Low Quality (bp) 
improved_13010 597,760 495 7,048 16 
improved_13034_1 490,783 50 70,695 944 
improved_13034_2 395,316 25 7,204 392 
Total: 1,483,859 570 84,947 1,352 
B 
Region Total (bp) Gap (bp) Unresolved (bp) Low Quality (bp) 
improved_13337 1,708,805 0 30,512 709 
Table 1.   Sequence improvement statistics for the D. ananassae F and D element regions studied. 
Unresolved regions generally correspond to areas with large tandem or inverted repeats. Regions with 
Phred scores less than 30 (i.e., estimated error rate greater than 1/1000 bases) are classified as low 
quality. Most low quality regions either overlap with unresolved regions or are located adjacent to gaps. 
(A) One region from the F element scaffold improved_13010 and two regions from the F element scaffold 
improved_13034 were improved, which results in a total of 1.4 Mb of high quality bases. (B) The region 






















Figure 1.   Results of the manual sequence improvement of the D. ananassae D and F elements. (A) Dot 
plot comparisons of the scaffolds in the original CAF1 assembly (y-axis) versus the scaffolds in the 
improved assembly (x-axis). Dots within each dot plot denote regions of similarity between the CAF1 
assembly and the improved assembly. The diagonal lines in the dot plots for the D element scaffold 
improved_13337 (left) and the F element scaffold improved_13010 (middle) show that the overall CAF1 
assemblies for these regions are consistent with the corresponding assemblies following manual 
sequence improvement. However, the high density of dots in the middle of the dot plot for 
improved_13010 corresponds to a collapsed repeat within the CAF1 assembly (red arrow). Manual 
sequence improvement also identified a major misassembly in the second improved region 
(improved_13034_2) within the F element scaffold_13034 (right), where part of the scaffold was inverted 
compared to the final assembly (red box). The misassembled region is part of the fosmid 1773K10 
(bottom inset). (B) The Consed Assembly View for the improved fosmid project 1773K10 shows that the 
misassembled region contains multiple tandem and inverted repeats. (Top) The grey bar within the 
Assembly View corresponds to the improved fosmid assembly and the pink triangles denote the ends of 
the fosmid. The purple and green boxes underneath the grey box correspond to tags (e.g., repeats, 
comments), and the dark green line corresponds to the read depth. The orange and black boxes above 
the grey bar correspond to tandem and inverted repeats, respectively. These orange and black boxes 
indicate that the improved assembly contains multiple tandem and inverted repeats that are located 
adjacent to each other. (Bottom) The improved assembly for this fosmid was supported by consistent 
































































































































Figure 2.   Expansion of the D. ananassae F element can primarily be attributed to the high density of 
LTR and LINE retrotransposons. (A) Total repeat density estimates from de novo repeat finders (Repeat 
Detector, WindowMasker, and Tallymer) show that the D. ananassae F element has higher repeat density 
than the D. melanogaster F element (56.4%–74.5% versus 14.4%–29.5%). Both F elements show higher 
repeat density than the euchromatic reference regions from the base of the D elements in D. ananassae 
(11.6%–19.8%) and in D. melanogaster (5.4%–15.2%). The repeat densities of the improved D. 
ananassae F element scaffolds [D. ana: F (improved)] are similar to the repeat densities for all D. 
ananassae F element scaffolds [D. ana: F (all)]. (B) Results from the tantan analysis show that the five 
analysis regions from D. melanogaster and D. ananassae have similar simple repeat density (6.0%–
7.5%). (C) TRF analysis shows that D. ananassae has higher tandem repeats density than D. 
melanogaster on both the F (5.6% versus 2.8%) and the D elements (2.6% versus 1.1%). (D) 
RepeatMasker analysis using the Drosophila RepBase library shows that the F element has higher 
transposon density than the D element both in D. melanogaster (28.0% versus 7.7%) and in D. 
ananassae (78.6% versus 14.4%). There is a substantial increase in the density of LTR and LINE 
retrotransposons on the D. ananassae F element compared to the D. melanogaster F element (42.1% 
versus 5.5%, and 21.8% versus 3.8%, respectively). The D. ananassae euchromatic reference region 
also shows higher transposon density than D. melanogaster, but most of the difference can be attributed 
to the density of DNA transposons (4.3% versus 0.6%). The region of overlap between two repeat 
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DNAREP1_DSim 49,801 258 RC/Helitron 4.0% 14.2% 
DNAREP1_DM 46,551 241 RC/Helitron 3.7% 13.3% 
PROTOP_A 21,635 33 DNA Trans. 1.7% 6.2% 
DNAREP1_DYak 16,266 90 RC/Helitron 1.3% 4.6% 
DMCR1A 12,993 40 LINE 1.0% 3.7% 
PROTOP 11,769 18 DNA Trans. 0.9% 3.4% 
FB4_DM 10,290 36 DNA Trans. 0.8% 2.9% 
TC1_DM 8,942 26 DNA Trans. 0.7% 2.6% 
PROTOP_B 8,678 33 DNA Trans. 0.7% 2.5% 
Gypsy-1_DSim-I 8,207 28 LTR 0.7% 2.3% 
Table 2.   The ten most common transposons (by the cumulative size of the transposon fragments) on the 
D. melanogaster F element [i.e., the region between the most proximal (JYalpha) and the most distal 
(Cadps) genes]. Eight of the ten most common transposons on the D. melanogaster F element are 
RC/Helitrons and DNA transposons. The repeat count for each transposon corresponds to the total 

























CR1-2_DAn 1,326,170 2292 LINE 7.5% 9.6% 
Helitron-N1_DAn 882,145 2927 RC/Helitron 5.0% 6.4% 
BEL-14_DAn-I 599,914 754 LTR 3.4% 4.3% 
Loa-1_DAn 424,975 546 LINE 2.4% 3.1% 
BEL-1_DBp-I 396,161 868 LTR 2.2% 2.9% 
BEL-10_DAn-I 291,535 573 LTR 1.7% 2.1% 
BEL-18_DAn-LTR 264,131 551 LTR 1.5% 1.9% 
Gypsy-30_DAn-I 256,665 277 LTR 1.5% 1.9% 
Gypsy-23_DAn-I 243,223 362 LTR 1.4% 1.8% 
Gypsy-23_DAn-LTR 240,787 443 LTR 1.4% 1.7% 
Table 3.   The ten most common transposons (by the cumulative size of the transposon fragments) on all 
D. ananassae F element scaffolds. Nine of the ten most common transposons on the D. ananassae F 
element are LINE and LTR retrotransposons. The repeat count for each transposon corresponds to the 












































































Figure 3.   The high density of “Wolbachia” sequences in the D. ananassae F element can be attributed to 
Drosophila transposons in the wAna assembly. (A) RepeatMasker analysis shows that 19.8% of the D. 
ananassae F element matches the genome assembly for the Wolbachia endosymbiont of D. ananassae 
(wAna). By contrast, 0.02% of the D. ananassae F element matches the genome assemblies for the 
Wolbachia endosymbionts of D. simulans strain Riverside (wRi) and D. melanogaster (wMel). Similarly, 
the D. ananassae D element, and the D. melanogaster F and D elements show a substantially higher 
density of regions that exhibit sequence similarity to the wAna assembly (0.68%–6.51%) than the wRi and 
wMel assemblies (0.00%–0.18%). (B) Distribution of regions with matches to the wAna, wRi, and wMel 
assemblies in the manually improved region of the D. ananassae F element scaffold improved_13010. 
The matches to the wAna assembly are distributed throughout the improved scaffold (blue boxes) but 
there are no matches to either the wRi or the wMel assemblies. (C) The portions of the 3.6 kb wAna 
scaffold AAGB01000087 (x-axis) with large numbers of alignments to D. ananassae scaffolds show 
similarity to Drosophila transposons. The portions of the wAna scaffolds that show similarity to D. 
ananassae scaffolds were extracted from the RepeatMasker output and collated into an alignment 
coverage track relative to the wAna assembly (brown graph). Whole-genome Chain and Net alignments 
show that only the last 216 bp of this wAna scaffold has sequence similarity to the wRi and wMel 
assemblies. RepeatMasker analysis using the Drosophila RepBase library shows that the first 3.4 kb of 
this wAna scaffold has sequence similarity to the internal and long terminal repeat portions of the BEL-18 
LTR retrotransposon (BEL-18_DAn-I and BEL-18_DAn-LTR), as well the internal portion of the Gypsy-1 
LTR retrotransposon from D. sechellia (Gypsy-1_DSe-I). Most of the alignments can be attributed to BEL-
18_DAn-LTR, with a maximum of 1,835 alignments between the wAna scaffold AAGB01000087 and the 
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Figure 4.   F element genes show distinct gene characteristics compared to D element genes. Each violin 
plot is comprised of a box plot and a kernel density plot. The black dot in each violin plot denotes the 
median and the darker region demarcates the interquartile range (IQR), which spans from the first (Q1) to 
the third (Q3) quartiles. The whiskers extending from the darker region spans from Q1-1.5×IQR to 
Q3+1.5×IQR; data points beyond the whiskers are classified as outliers. (A) D. ananassae F element 
genes have larger coding spans (start codon to stop codon, including introns) than D. melanogaster F 
element genes. (B) The D. ananassae F element genes have larger coding spans because they have 
larger total intron sizes than D. melanogaster F element genes. (C) F element genes have larger total 
coding exon (CDS) sizes than D element genes in both D. ananassae and D. melanogaster. (D) F 
element genes have more CDS than D element genes. (E) F element genes have smaller median CDS 
size than D element genes. (F) The median intron size for D. ananassae and D. melanogaster F element 
genes shows a bimodal distribution; this distribution pattern indicates that the expansion of the coding 
spans of D. ananassae F element genes compared to D. melanogaster F element genes can be 
attributed to the substantial expansion of a subset of introns. 
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Figure 5.   Codon bias in D. ananassae F element genes can primarily be attributed to mutational biases 
instead of selection. (A) Violin plots of the Effective Number of Codons (Nc) show that D. ananassae F 
element genes exhibit stronger deviations from equal usage of synonymous codons (lower Nc) than D. 
melanogaster F element genes. (B) Violin plots of the Codon Adaptation Index (CAI) show that D. 
ananassae F element genes exhibit less optimal codon usage (lower CAI) than D. melanogaster F 
element genes. F element genes in both D. ananassae and D. melanogaster show less optimal codon 
usage (lower CAI) than D element genes. (C) Scatterplot of Nc versus CAI suggests that the codon bias 
in most D. ananassae and D. melanogaster F element genes can be attributed to mutational bias instead 
of selection, as indicated by the placement of most of the genes in the portion of the LOESS regression 
line (red line) with a positive slope. By contrast, the codon bias in most D. ananassae and D. 
melanogaster D element genes can be attributed to selection, as denoted by the LOESS regression line 
with a negative slope. The dotted line in each Nc versus CAI scatterplot corresponds to the CAI value for 
a gene with equal codon usage relative to the species-specific reference gene sets constructed by the 
program scnRCA (0.200 for D. ananassae and 0.213 for D. melanogaster). Hence this species-specific 
threshold corresponds to the CAI value when the strengths of mutational bias and selection on codon 
bias are the same. A smaller percentage of F element genes in D. ananassae (6/64; 9.4%) have CAI 
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Metric D. mel: F D. ana: F (all) D. mel: D D. ana: D (improved) 
Coding GC 41.9% 38.9% 55.3% 54.7% 
1st letter GC 48.8% 46.9% 56.8% 55.9% 
2nd letter GC 40.2% 39.0% 42.7% 42.9% 
3rd letter GC 36.5% 30.7% 66.6% 65.1% 
4D sites GC 33.2% 28.2% 62.5% 60.5% 
Table 4.   Codon GC content for D. melanogaster and D. ananassae F and D element genes. F element 
genes show lower GC content than D element genes in both D. melanogaster and D. ananassae. D. 
ananassae F element genes show the lowest overall GC content among the genes in the four analysis 
regions, particularly at the third position of the codon. The “4D sites GC” corresponds to the GC content 
at 4-fold degenerate sites (i.e., the GC content at the third position of the codons that code for alanine, 








































Figure 6.   Metagene analysis shows that the coding spans of F element genes have lower median 9 bp 
melting temperatures (Tm) than the genes at the base of the D element. The melting temperature profiles 
were determined using a 9 bp sliding window with a step size of 1bp. The metagene consists of the 2 kb 
region upstream and downstream of the coding span, with the length of the coding spans normalized to 3 
kb. While the codons in D. ananassae F element genes have lower GC content, D. ananassae F element 
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Figure 7.   Histone modification profiles for D. ananassae and D. melanogaster F element genes at the 3rd 
instar larval stage of development. (A) Metagene analysis shows that the region surrounding the 5’ end of 
F element genes is enriched in H3K4me2 while the body of the coding span is enriched in H3K9me2. The 
values in the y-axis within each metagene plot correspond to the log likelihood ratio between each ChIP 
sample and input control (assuming a dynamic Poisson model) as determined by MACS2. (B) Differences 
in the H3K27me3 enrichment patterns for the D. melanogaster ey gene and its ortholog in D. ananassae. 
The entire coding span of the ey gene is enriched in H3K27me3 in D. melanogaster (top). (For the D. 
melanogaster gene models, the thick boxes denote the coding exons and the thin boxes denote the 
untranslated regions.) By contrast, only the region surrounding the 5’ end of the ey ortholog in D. 
ananassae shows H3K27me3 enrichment. The 5’ ends of the A and D isoforms of ey shows enrichment 
of H3K4me2 and H3K27me3 in both D. melanogaster and D. ananassae. These bivalent domains 
suggest that these two isoforms of ey are poised for activation at the 3rd instar larval stage of 
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Figure 8.   D. ananassae F element genes show similar expression patterns compared to genes on other 
Muller elements. RNA-Seq reads from seven samples (adult females, adult males, female carcass, male 
carcass, female ovaries, male testes, and embryos) were mapped against the improved D. ananassae 
genome assembly and the read counts for the Gnomon gene predictions were tabulated by htseq-count. 
The read counts for the seven samples were normalized by library size and then transformed using 
Tikhonov/ridge regularization in the DESeq2 package to stabilize the variances among the samples. The 
violin plots compare the distributions of the regularized log2 expression values for the D. ananassae 
Gnomon gene predictions on all scaffolds (All), on the F element scaffolds [F (all)], and on the base of the 
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used	 to	 construct	 these	Wolbachia	assemblies.	 The	 subset	of	 genomic	 reads	 from	 the	whole	
genome	shotgun	(WGS)	sequencing	of	D.	ananassae	that	show	sequence	similarity	to	wMel	and	
their	corresponding	mate	pair	reads	were	used	to	construct	the	wAna	assembly	(Salzberg	et	al.	
2005).	 By	 contrast,	 the	wRi	 (Klasson,	Westberg,	 et	 al.	 2009)	 and	 the	wMel	 (Wu	 et	 al.	 2004)	
assemblies	 have	 been	 manually	 improved	 to	 high	 quality.	 A	 previous	 study	 has	 identified	
Drosophila	retrotransposons	within	wAna	fragments	that	are	integrated	into	the	D.	ananassae	
genome	(Choi	et	al.	2015).	Hence,	constructing	the	wAna	assembly	based	on	the	D.	ananassae	
WGS	 reads	would	 likely	 result	 in	 the	 incorporation	 of	Drosophila	 transposons	 into	 the	wAna	
assembly.	Consistent	with	this	hypothesis,	we	find	that	most	of	the	matches	between	the	wAna	
assembly	 and	 the	 D.	 ananassae	 assembly	 show	 sequence	 similarity	 to	 transposons	 in	 the	
Drosophila	RepBase	library	(Figure	3C).	However,	given	the	potential	for	Wolbachia	to	act	as	a	
vector	 for	 the	 horizontal	 transfer	 of	 transposable	 elements	 (Dupeyron	 et	 al.	 2014),	 it	 is	 still	
possible	that	these	Drosophila	transposons	are	actually	part	of	the	wAna	genome.	
	
Using	sequence	similarity	to	wRi	and	wMel	as	the	metric,	we	found	only	a	low	density	of	
Wolbachia	sequences	within	the	1.4	Mb	manually	improved	region	of	the	D.	ananassae	F	
element	and	the	collection	of	all	18.7	Mb	F	element	scaffolds	from	the	D.	ananassae	assembly	
(Figure	3A).	However,	because	of	gaps	and	misassemblies	in	the	improved	assembly,	the	
possibility	remains	that	wAna	is	integrated	into	the	unassembled	portions	of	the	D.	ananassae	F	
element.	In	contrast	to	wAna,	both	wRi	and	wMel	appear	to	infect	but	are	not	integrated	into	
the	D.	simulans	and	D.	melanogaster	genomes.	Hence	the	wAna	genome	might	contain	
additional	sequences	that	facilitate	horizontal	gene	transfer	that	are	not	in	either	wRi	or	wMel.	
However,	an	improved	wAna	assembly	would	be	required	in	order	to	identify	these	novel	
sequences.	Based	on	the	data	currently	available,	we	conclude	that	the	expansion	of	the	
assembled	portions	of	the	D.	ananassae	F	element	can	be	explained	by	the	increase	in	the	
density	of	Drosophila	transposons,	and	the	integration	of	wAna	is	only	a	minor	contributor	to	
the	expansion	of	the	D.	ananassae	F	element.		
	
Previous	work	has	demonstrated	that	F	element	genes	exhibit	distinct	characteristics	compared	
to	genes	in	the	euchromatic	reference	regions	in	D.	melanogaster,	D.	erecta,	D.	virilis,	D.	
mojavensis,	and	D.	grimshawi	(Leung	et	al.	2010,	2015).	Part	of	the	difference	in	gene	
characteristics	can	be	attributed	to	the	low	rates	of	recombination	on	the	F	element,	which	
reduces	the	effectiveness	of	selection	(Hill	and	Robertson	1966;	Betancourt	et	al.	2009;	
Arguello	et	al.	2010).	To	assess	the	impact	of	the	expansion	of	the	D.	ananassae	F	element	on	
gene	characteristics,	we	compared	the	characteristics	of	the	genes	on	the	D.	melanogaster	and	
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D.	ananassae	F	elements	and	on	a	euchromatic	reference	region	at	the	base	of	the	D	elements.	
The	base	of	the	D	element	is	used	as	a	comparison	region	to	mitigate	the	confounding	effects	
caused	by	the	proximity	to	the	centromere,	where	there	is	a	lower	rate	of	homologous	
recombination	and	most	of	the	homologous	recombination	can	be	attributed	to	gene	
conversions	instead	of	crossing	over	[(Shi	et	al.	2010);	reviewed	in	Talbert	and	Henikoff	2010].	
	
Our	analyses	show	that	D.	ananassae	F	element	genes	generally	maintain	the	same	contrast	to	
D	element	genes	as	seen	in	D.	melanogaster	(Figure	4),	but	for	some	features	the	differences	
are	more	pronounced.	F	element	genes	have	larger	coding	spans	primarily	because	they	have	
larger	total	intron	size,	and	this	is	particularly	true	for	the	D.	ananassae	F	element	genes.	This	
result	is	consistent	with	previous	analysis	that	shows	large	introns	tend	to	appear	in	regions	
with	low	rates	of	recombination	(Carvalho	and	Clark	1999).	The	bimodal	median	intron	size	
distribution	suggests	that	the	larger	coding	spans	of	D.	ananassae	F	element	genes	can	be	
attributed	to	the	expansion	of	a	subset	of	introns.	Most	of	the	increase	in	total	intron	size	for	D.	
ananassae	F	element	genes	compared	to	D.	melanogaster	F	element	genes	can	be	attributed	to	
the	higher	density	of	transposable	elements	within	introns.	
	
Previous	analysis	has	shown	that	D.	melanogaster	genes	located	in	regions	that	exhibit	lower	
rates	of	recombination	have	longer	coding	regions	and	more	coding	exons	(Comeron	and	
Kreitman	2000).	Hence,	our	results	are	consistent	with	the	hypothesis	that,	similar	to	the	D.	
melanogaster	F	element,	the	D.	ananassae	F	element	has	a	low	rate	of	recombination.	We	also	
find	that,	despite	having	smaller	median	CDS	sizes,	genes	on	both	the	D.	melanogaster	and	D.	
ananassae	F	element	have	larger	total	CDS	size	because	they	have	more	coding	exons	than	D	
element	genes.	
	
Low	rates	of	recombination	have	also	been	associated	with	more	uniform	usage	of	synonymous	
codons	(i.e.,	lower	codon	bias)	in	D.	melanogaster	(Kliman	and	Hey	1993).	Codon	bias	can	
primarily	be	attributed	to	mutational	bias	and	selection	(reviewed	in	Hershberg	and	Petrov	
2008;	Plotkin	and	Kudla	2011).	Earlier	studies	have	suggested	that	highly	expressed	genes	tend	
to	show	the	strongest	codon	bias	because	selection	tends	to	favor	codons	that	pair	with	the	
most	abundant	tRNAs	[(Moriyama	and	Powell	1997),	reviewed	in	Angov	2011].	More	recent	
studies	suggest	that,	in	addition	to	affecting	gene	expression,	codon	bias	could	also	affect	
secondary	structures	in	mRNA,	the	efficacy	of	protein	translation,	and	protein	folding	(reviewed	
in	Novoa	and	Ribas	de	Pouplana	2012).	
	
Using	the	analysis	technique	developed	by	Vicario	and	colleagues	(Vicario	et	al.	2007),	we	
compared	the	codon	usage	patterns	of	F	and	D	element	genes	in	D.	melanogaster	and	D.	
ananassae	using	two	metrics:	the	Effective	Number	of	Codons	(Nc)	and	the	Codon	Adaptation	
Index	(CAI).	Our	results	show	that	F	element	genes	exhibit	more	uniform	usage	of	synonymous	
codons	(higher	Nc)	(Figure	5A)	and	less	optimal	codon	usage	(lower	CAI)	than	D	element	genes	
(Figure	5B).	The	codon	bias	for	most	F	element	genes	can	primarily	be	attributed	to	mutational	
bias	instead	of	selection	(Figure	5C).	D.	ananassae	F	element	genes	show	stronger	deviations	
from	uniform	usage	of	synonymous	codons	than	D.	melanogaster	F	element	genes,	but	this	bias	
can	primarily	be	attributed	to	mutational	biases	instead	of	selection.	
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Previous	studies	have	demonstrated	that	mutation	in	Drosophila	has	a	bias	toward	A/T,	
whereas	selection	tends	to	favor	G/C	at	synonymous	sites	(Powell	and	Moriyama	1997;	Vicario	
et	al.	2007).	Consistent	with	these	observations,	we	find	that	the	F	element	genes	have	lower	
GC	codon	content	than	D	element	genes,	particularly	at	the	wobble	base	(Table	4).	In	
concordance	with	the	results	of	the	Nc	and	CAI	analysis,	we	find	that	codons	in	D.	ananassae	F	
element	genes	have	lower	GC	content	than	D.	melanogaster	F	element	genes.	The	lower	GC	
content	supports	the	hypothesis	that	the	lower	Nc	exhibited	by	D.	ananassae	F	element	genes	
can	primarily	be	attributed	to	mutational	bias.	
	
Analysis	of	the	five	genes	(Arf102F,	ATPsynbeta,	Crk,	onecut,	and	RpS3A)	on	the	D.	ananassae	F	
element	that	have	smaller	total	intron	sizes	than	their	D.	melanogaster	orthologs	show	that	
they	tend	to	have	a	higher	CAI	than	the	CAI	for	a	gene	with	uniform	usage	of	synonymous	
codons	(Figure	S6).	Hence	while	most	of	the	D.	ananassae	F	element	genes	are	under	weak	
selective	pressure,	a	small	subset	of	F	element	genes	is	under	stronger	selective	pressure	to	
maintain	their	coding	span	size	and	to	maintain	a	more	optimal	pattern	of	codon	usage.	These	
results	are	consistent	with	previous	analysis	in	D.	melanogaster,	which	shows	a	negative	
correlation	between	gene	length	and	codon	bias	(Moriyama	and	Powell	1998).	
	
Previous	studies	have	shown	that	the	stability	of	the	9	bp	RNA-DNA	hybrid	within	the	
elongation	complex	affects	the	efficacy	of	transcript	elongation	(Palangat	and	Landick	2001).	
Our	previous	analysis	of	the	Tm	metagene	profiles	in	D.	melanogaster,	D.	erecta,	D.	mojavensis,	
and	D.	grimshawi	has	shown	that	F	element	genes	exhibit	lower	Tm	than	D	element	genes	
(Leung	et	al.	2015).	Given	that	GC	content	is	correlated	with	Tm	(Frank-Kamenetskii	1971),	and	
that	D.	ananassae	F	element	genes	exhibit	low	codon	GC	content,	we	compared	the	Tm	
metagene	profiles	of	F	and	D	element	genes	in	D.	ananassae	with	the	corresponding	Tm	
metagene	profiles	from	D.	melanogaster.	The	analysis	shows	that	D.	ananassae	and	D.	
melanogaster	F	element	genes	have	similar	Tm	metagene	profiles,	such	that	F	element	genes	
have	similarly	lower	Tm	compared	to	D	element	genes	in	both	species	(Figure	6).	These	results	
indicate	that	neither	the	shift	in	codon	GC	content	nor	the	increased	transposon	density	within	
and	around	the	F	element	genes	in	D.	ananassae	are	sufficient	to	shift	the	Tm	metagene	
profiles,	which	suggests	that	the	Tm	must	reflect	other	features	of	sequence	organization.	The	
lower	Tm	could	facilitate	the	transcription	of	F	element	genes	and	is	consistently	observed	in	
the	five	Drosophila	species	studied	to	date.	
	
Another	unusual	characteristic	of	the	D.	melanogaster	F	element	is	its	distinct	epigenomic	
landscape	compared	to	the	other	autosomes	(Kharchenko	et	al.	2011;	Riddle	et	al.	2012).	ChIP-
Seq	analysis	of	H3K4me2	and	H3K9me2	from	third	instar	larvae	shows	that	most	D.	ananassae	
F	element	genes	exhibit	histone	modification	enrichment	patterns	similar	to	those	seen	in	D.	
melanogaster	F	element	genes,	where	the	region	surrounding	the	5’	end	of	the	gene	is	enriched	
in	H3K4me2	while	the	body	of	the	coding	span	is	enriched	in	H3K9me2	(Figure	7A).	This	histone	
modification	pattern	is	consistent	with	the	pattern	seen	in	D.	melanogaster	heterochromatic	
genes	(Yasuhara	and	Wakimoto	2008),	and	could	enable	the	transcription	machinery	to	access	
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the	core	promoters	of	D.	ananassae	F	element	genes	while	maintaining	silencing	of	the	
transposons	that	reside	within	introns.	
	
Many	key	genes	involved	in	Drosophila	development	are	activated	by	the	Trithorax	group	
(TrxG)	proteins	and	silenced	by	Polycomb	group	(PcG)	proteins	(reviewed	in	Grimaud	et	al.	
2006;	Schuettengruber	et	al.	2007).	Regions	enriched	in	H3K27me3	are	recognized	by	the	
chromodomain	of	Polycomb	(Min	et	al.	2003),	resulting	in	gene	silencing	(reviewed	in	
Blackledge	et	al.	2015).	ChIP-Seq	analyses	of	H3K27me3	show	that	the	eight	D.	melanogaster	F	
element	genes	that	exhibit	H3K27me3	enrichment	at	the	third	instar	larval	stage	also	show	
H3K27me3	enrichment	in	the	D.	ananassae	orthologs	(Figure	S7).	The	H3K27me3	enrichment	
tends	to	be	limited	to	the	region	surrounding	the	5’	end	of	D.	ananassae	F	element	genes	while	
the	body	of	the	coding	span	are	enriched	in	H3K9me2	(Figure	7B).		
	
Of	the	eight	F	element	genes	that	show	H3K27me3	enrichment,	six	genes	(ey,	fd102C,	Sox102F,	
sv,	toy,	and	zfh2)	also	show	H3K4me2	enrichment	near	the	5’	ends	of	the	genes	in	both	D.	
melanogaster	and	D.	ananassae.	Past	studies	of	mammalian	embryonic	stem	(ES)	cells	have	
identified	promoters	that	show	enrichments	of	both	H3K27me3	and	H3K4me3	(i.e.,	bivalent	
domains).	These	genes	are	poised	for	activation	upon	the	differentiation	of	the	ES	cells	[(Young	
et	al.	2011;	Nair	et	al.	2012);	reviewed	in	Voigt	et	al.	2013].	Hence,	the	histone	modification	
enrichment	patterns	for	these	six	F	element	genes	suggest	that	they	are	poised	for	activation	in	
both	D.	melanogaster	and	D.	ananassae	at	the	third	instar	larval	stage	of	development.	
	
Despite	residing	in	a	domain	with	high	repeat	density,	D.	melanogaster	F	element	genes	show	a	
similar	fraction	of	active	genes	in	S2	cells	(approximately	50%)	compared	to	genes	in	
euchromatin	(Riddle	et	al.	2012).	Analysis	of	D.	ananassae	gene	expression	levels	using	RNA-
Seq	data	from	seven	developmental	stages	and	tissues	shows	that	D.	ananassae	F	element	
genes	exhibit	a	similar	range	of	expression	levels	compared	to	all	D.	ananassae	genes	and	
compared	to	genes	at	the	base	of	the	D	element	(Figure	8).	Thus,	these	genes	are	able	to	
function	while	in	the	midst	of	a	heterochromatic	domain	with	high	repeat	density.	
	
Past	studies	have	shown	that	heterochromatic	genes	in	D.	melanogaster,	such	as	lt	(Wakimoto	
and	Hearn	1990)	and	rl	(Eberl	et	al.	1993),	depend	on	the	properties	of	the	heterochromatic	
environment	for	proper	expression.	Inversely,	euchromatic	genes	that	are	relocated	to	a	
heterochromatic	region	exhibit	partial	gene	silencing	[i.e.,	position	effect	variegation;	reviewed	
in	Elgin	and	Reuter	2013].	Comparative	analysis	of	genes	(e.g.,	lt,	Yeti)	that	have	moved	
between	heterochromatic	and	euchromatic	domains	in	different	Drosophila	species	show	that	
the	structure	of	the	core	promoter	for	these	genes	is	typically	conserved	(Yasuhara	et	al.	2005;	
Moschetti	et	al.	2014).	These	observations	suggest	that	the	expression	of	heterochromatic	
genes	might	depend	on	specialized	enhancers	within	heterochromatic	domains	(reviewed	in	
Yasuhara	and	Wakimoto	2006;	Corradini	et	al.	2007).	
	
This	study	demonstrates	that	transposons	can	be	an	important	contributor	to	the	expansion	of	
a	chromosome,	and	provides	insights	into	the	impact	on	the	resident	genes.	Our	study	shows	
that	D.	ananassae	F	element	genes	can	continue	to	be	expressed	at	similar	levels	despite	the	
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large	increase	in	repetitive	content.	Understanding	the	mechanisms	that	enable	D.	ananassae	F	
element	genes	to	be	expressed	within	a	highly	repetitive	heterochromatic	domain	could	
provide	insights	into	the	factors	that	regulate	gene	expression	in	other	eukaryotic	genomes	
with	high	repeat	density,	such	as	in	plant	and	mammalian	genomes.	
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